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??????????????????????? 1????????????????
*1 Skip graph ???? Skip list [31] ??????????????????Skip list ???????
???????????????????????? O(logn)??????????????????
???????????????Skip graph ? Skip list ????????????????????
???????????????????
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0
32
48 16
8
2440
56
i Node
0 b
1 c
2 e
(56 , 0]
(0 , 8]
(8 , 16]
(16 , 24]
(24 , 32]
(32 , 40]
(40 , 48]
(48 , 56]
+1 node
+2 nodes
(=1 node + 1 node)
+4 nodes
(= 2 nodes + 2 nodes)
finger table of a (key=0) 
Node a
Node b
Node c
Node d
Node e
Node f
Node g
Node h
? 2.4 Chord# ??????? a????
???? 1???????????????????????????????????
???????????? O(n)????
???????????????????????????????????????
?????????????????????????
OneHop
OneHop [1] ? 1 ???????????????? P2P ??????? 1 ???
??OneHop????????????????????Slice leader?????????
?Unit leader????????Ordinary node?????????OneHop???x? ID
??? s ???????????????????????????????????
??????????? u????????????????????????????
????????????????????????????????? ID???xs ?
?? xs·u???????? ID??????????????
? 2.5????????????????????????????????????
????????????????????????? 2.5? 1????????????
????????????????????????????????????????
????? 2.5? 2????????????????????????????????
?????????? 2.5 ? 3??????????????????????????
?????????? 2.5? 4???????????????? stabilize??????
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1
2
2 2
3
3
4
4
4
5
Slice leader
Unit leader
Ordinary node
? 2.5 OneHop??????????????? [1]???
?????????????? 2.5 ? 5??????????????????????
???????????????????????????????OneHop?????
??????????????????????
D1HT
D1HT [20]? 1????????????? P2P??????????EDRA?Event
Detection and Dissemination Reporting Algorithm????????????????
????EDRA???????? ID? 2i?0 ≤ i ≤ log2 n???? ID????? ID?
?????????????????????????????????? 2.6?????
??????? u??u?? ID? 2i ??? ID???????? v ?????????
TTL?????TTL = 2i − 1????????????????????? v ? TTL
????? 1????TTL? 0?????????????????
14 ? 2? P2P??????
N N1 N2 N3 N4 N5 N6 N7
TTL = 3
TTL = 2
TTL = 1
TTL = 0
TTL = 1
TTL = 0 TTL = 0
・・・ Nx
TTL = log2 n 
N8
TTL = 0
k + 1 k + 2 k +3 k + 4 k + 5 k + 6 k + 7 k + 8 k + 2
log   n -12k 
N N1 N2 N3 N4 N5 N6 N7
( 8, 16 )
( 4, 8 )
( 2, 4 ) ( 6, 8 )
・・・ Nx
( 2
log   n
, k )
N8
( 1, 2 ) ( 3, 4 ) ( 5, 6 ) ( 7, 8 )
k + 1 k + 2 k +3 k + 4 k + 5 k + 6 k + 7 k + 8 k + 2
log   n -1
2
2k
D1HT
1h-Calot
? 2.6 D1HT??? 1h-Calot????????????
1h-Calot
1h-Calot [10]?? 1????????????? P2P??????????1h-Calot
????????????????????????????????????????
????????????????????? D1HT????????? 2.6????
D1HT??????? TTL??????????????????1h-Calot?????
?????? ID????????????
1h-Calot ????? 2 ???????????? 2h-Calot ?????????1h-
Calot???????????????????????????????2h-Calot??
???????????????????????????????? ·???????
????????????????
2.3 ??? P2P?????????
??? P2P??????????????????
2.3 ??? P2P????????? 15
2.3.1 ??????????????
??? P2P ?????????????????????????????????
??????????????????????????? n ???????????
? O(logk n)??????????????P2P??????????????????
????????????????????????????????????????
P2P ???????????????? · ????????????????????
????????????????????????????????????????
???????????????? LAN?????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????
2.3.2 ???????????????????????
?????? P2P???????????????????????????????
???????????????????????????????????P2P ??
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
2.3.3 ??????????????????????
?????????????????????????????????? 1 ? 2 ?
????????????????????????? O(n) ???? O(√n) ????
????????????????????????????????????????
????????????????????????????????????????
?????????
?? [32]??????? 1??????????????????????? ·???
????????????????????????? P2P????????????
?????????? 1??????1??????????????????????
? 30???????
16 ? 2? P2P??????
2.3.4 ????????????????????????
?????????????????????????????? O(log n)????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????? 1??????????????????????????
????????????????????????????????????????
?????????????????????????DKS ????????? ID ?
?????m?k? 2????????? (k− 1)⌊logk 2m⌋??????? 2.2?????
????????????????????????????????????????
???????????? 1???????????
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? 3?
Chord#
?????????????? Chord# ????????
3.1 ??
Chord# ??????????? P2P??????? 1?????????? key?
???????????? key ??????????Chord ??????Chord# ??
key?????????????1????? key??????????????????
??????2?key???????????????????????
Chord# ??????? Chord????????????finger table???????
Chord ?????Chord ? finger table ?????? finger table ? 1 ???????
????????????????????????????? O(log2 n)??????
???Chord# ? finger table?????? O(1)?????????????????
??????????? Chord???? O(log2 n)????
3.2 ?????
Chord# ??????????????????????????? u???????
x? u.x??????????????Chord#?????? 4???? 5???????
???????????? V = {N0, N1, · · · , Nn−1}?????? n??????????
??????? N0, N1, · · · , Nn−1 ????????????? (Ni.key < Ni+1.key)?
???a⊕ b ≡ (a+ b) mod n??????????????????????????
???????????? Nu ??????? x??????? Nv = Nu⊕x ?????
? x ???dist(Nu, Nv) = x??????
Chord# ?????????????key ??? successor?predecessor??? r ?
18 ? 3? Chord#
? 3.1 Chord# ?????????????
?? ??
key ????
successor ?????????????????
predecessor ??????????????????
successor list[] successor???? (?? r)
finger[] ????????????????
N
0
N
1
N
i
N
n-1
N
n-1
..
.
..
.
N
n-2
N
i     (n-1)
...
N
i     1
N
i     r
Ni.predecessor
Ni.successor
N
i     1 Ni     r
・・・
N
i
.successor_list[]
r
? 3.1 Chord# ???? Ni ? succssor, predecessor??? successor list
successor list ??? finger table ????? 3.1??? 3.1 ???????successor ?
key ??????????????????????????predecessor ?????
??????????????????????????? Ni ? successor ? Ni⊕1?
predecessor?Ni⊕(n−1)?????????????????????????????
??IP???????????? key????????????successor list????
??????? r ???????????????successor????????????
?????successor?????????????????????
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Chord# ???????????????????????? successor??????
??????????????Chord# ?????????? Chord???? stabilize
???????????? successor???????????????????????
?????????????? u? stabilize?????????????????
(1) ??? u? u? successor??? s? s.predecessor?= p???????
(2) p.key ? u.key ? s.key ???????u? p? u.successor ???????? p
? p.predecessor ?????????????
(3) ?????? p? p.predecessor? nil????? u???? p? p? predecessor
??? ???????????u? p.predecessor ??????
Chord# ???????????????? finger table????finger table???
?? n?????⌈log2 n⌉????????? 1????????finger table????
???? (3.1)???????
finger[i] =
{
successor (i = 0)
finger[i− 1].finger[i− 1] (i > 0) (3.1)
??????? N0 ? finger table ?????? 3.2??N0.finger[0] ???N0 ?
successor ???? N1 ?????????????N0.finger[1] ???N0.finger[0] ?
???????? N1 ????? finger[0]??????N2 ????????????
?? 3.2? (1)??????N0.finger[2]???N0.finger[1]????????? N2 ???
?? finger[1]??????N4 ?????????????? 3.2? (2)??N0.finger[3]?
??N0.finger[2]????????? N4 ????? finger[2]??????N8 ?????
????????? 3.2? (3)????????? 3.2? (4)?????????????
????N4 ????????????????N8???????????????
?????????Nk ? finger[i]???Nk⊕2i ???????????????finger
table???? ⌈log2 n⌉????
????? finger table??????????????????????????? (1)
??????????????????????? finger table???????????
???????????????? u? finger[i] (i > 0) ??????????u???
? finger[i− 1]??????? finger[i− 1]???????????1????????
finger table?????????????????????????2⌈log2 n⌉?????
???????????????? ⌈log2 n⌉+ 1???????????????????
????finger table???????????????? O(log2 n)????
20 ? 3? Chord#
N
1
N
9
N
3
N
6
N
2
N
4
N
5
N
7
N
8
N
10
N
11
N
0
i Node
0 N1
1 N2
2 N4
3 N8
N0.finger [i]
i Node
0 N2
1 N3
2 N5
3 N9
N1.finger [i]
i Node
0 N3
1 N4
2 N6
3 N10
N2.finger [i]
i Node
0 N5
1 N6
2 N8
3 N0
N4.finger [i]
N0.successor (1)
(2)
(3)
i Node
0 N9
1 N10
2 N0
3 N4
N8.finger [i]
(4)
? 3.2 Chord# ? finger table
3.3 ????????
Chord# ?? finger table???????????????????? u???? x?
??????????????????????
(1) u.key = x??????????? u?????????
(2) x ∈ (u.key, u.successor.key]?????u.successor?????????????
???x ∈ (x1, x2] ?????? key??? x1 < x ≤ x2 ??? x??????
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???????
(3) ????? X = {v | v ∈ u.finger[i] ∧ v.key ∈ (u.key, x)}???? key? x??
?????? y ????????????????x ∈ (x1, x2)?????? key
??? x1 < x < x2 ??? x?????????????
(4) ????????????? y ???? (1)?? (3)?????????
3.2???????????? Nu ? finger table? Nu⊕2i?0 ≤ i < ⌈log2 n⌉????
????????????????????????????????????????
??????????? 1/2????????????????????? O(log2 n)?
???
3.4 ????
Chord# ?????????????Scalaris [33] ? SONAR(Structured Overlay
Network with Arbitrary Range queries) [14]?Waon(Well distribution Algorithm for
Overlay Network) [34]??????
Scalaris??Chord# ?????????????????????????????
?????????????????distributed key-value store?????Scalaris ?
????????????????????????P2P?????????? 3???
??????????????????????????????????? 1????
Paxos?????? [35]????????????????????????????
??????????P2P?????????? Chord# ?????????????
??????????????Scalaris? Zuse Institute Berlin???????????
?????? [36]??????
SONAR??1??????????? Chord# ?????????????????
?????????? P2P??????? 1?????? Chord# ?????????
?????SONAR? CAN [16]???? d??????????????? P2P??
?????????CAN??????key????????????????????
??SONAR?????? d??? key???? d?????????????????
???????????????????2?????? 3.3????????????
???????????? u ??????????????????????????
??????????????????????? Chord# ? finger table??????
?????????????????????????????? 3.3????????
??????????????????????????????? 2 ???????
????? 3.3 ????????????????????????????????
22 ? 3? Chord#
Node u
x
y
? 3.3 SONAR???? 2????????
????????????????????????? n??? O(log n)??????
??????????????CAN??????????????? O(dn 1d )????
Waon ? Chord# ?????????? P2P ??????????Waon ????
????????????????????????????????????????
?????????????????Chord# ????????? key ???????
???????Waon?????? key??????????????Waon?????
????????????????????????????????????????
???? key??????????????????????????????????
???
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? 4?
Chord#????????????
????????
4.1 ??
???? Chord# ? finger table ???????????????????????
?????????? P2P??????? Chord## ????Chord## ???Chord
? Chord# ?? 1 ???????? finger table ? 2 ???????????????
?? finger table ???????????????????????????????
Chord## ?? 2 ?? finger table ???????????????????????
???????????????????? finger table??????????????
????????????????? 4.2 ??? Chord## ??????????4.3
??? Chord## ??????????4.4???????????????? 4.5??
??????????????
4.2 ????
???????????? Chord## ????????Chord## ???????finger
table???????????????????????????????Chord## ??
??? u???????? finger table??????????????? successor list
?????????finger table? 2????????? successor list????????
????????u? u???????u? successor list?????????? finger
table??????????????????u??????????????????
?????????????????????
???Chord## ? Chord# ???????????????????
24 ? 4? Chord# ????????????????????
4.2.1 ?????
Chord## ? finger table?? 4.1?????? Chord# ? finger table ??????
??? 2??????? (fingers[][]?????)???????? Nu ? finger table?
??? Nu.fh??? Nu.fw ????Nu.fh = ⌈log2 n⌉ ?????? Nu.fw ?????
?????????? 4.2.2???????
??? Nu ? fingers[i][0](0 ≤ i < Nu.fh)????????????????????
??????? Nu⊕2i ???????????????fingers[i][j](0 < j < Nu.fw) ??
finger[i][0]??????? successor list[j − 1]??????
? 4.1 ? Chord# ??? Chord## ??????? N0 ? finger table ??????
Chord# ??N0 ? finger table?N1?N2?N4?N8 ????????????????
??Chord## ? N0 ? finger table????????????????? N1?N2?N4?
N8 ? successor list????????
Chord## ? finger table???????????????
?? 1. ??????? Chord## ????? Nu, Nu⊕k ????Nu.fingers[i][j] =
Nu⊕k.fingers[i][j − k] ???? k ≤ j < min(Nu.fw, Nu⊕k.fw + k)??
??. Chord##? finger table?????????????Nu.fingers[i][j] = Nu⊕(2i+j)
???????????Nu⊕k.fingers[i][j − k] = Nu⊕k⊕(2i+j−k) = Nu⊕(k+2i+j−k) =
Nu⊕(2i+j) = Nu.fingers[i][j]?????finger table????????(0 ≤ j < Nu.fw)∧
(0 ≤ j − k < Nu⊕k.fw) ???????????? k ≤ j < min(Nu.fw, Nu⊕k.fw + k)
??????
4.2.2 finger table?????????????
?????Chord## ?????????? finger table?????????????
???????????????
Chord## ???? Nu ???? finger table ?????????3.2 ?????
Chord#? finger table?????????????Nu???? x = Nu.fingers[i−1][0]
? x.fingers[i − 1][0] ?????????????? x ? successor list ??????
Nu.fingers[i− 1][j](0 < j)????????????????????????? finger
table ?????????????????????????Chord## ??????
????????????????? Chord# ??????????3.2?????
?? 1 ????????????????Chord## ????? Nu ? Nu⊕k ? finger
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0 1 2
0 N1 N2 N3
1 N2 N3 N4
2 N4 N5 N6
3 N8 N9 N10
i Node
0 N1
1 N2
2 N4
3 N8
N0.finger
i
j
N
1
N
9
N
3
N
6
N
2
N
4
N
5
N
7
N
8
N
10
N
11
N
0
N
2
N
3
N
3
N
4
N
5
N
6
N
9
N
10
[ i ]
・・・
・・・
・・・
・・・
N1.successor_list[]
N2.successor_list[]
N4.successor_list[]
N8.successor_list[]
・・・
・・・
・・・
・・・
・・・
f w
f h
r
[ i ][ j ]N0.fingers
Chord#の
finger table
Chord##の
finger table
? 4.1 Chord# ? Chord## ? finger table
N
u
N
u    1
N
u    2
N
u    (r +1-p)
0 1 r
0
1
0 1 p -1
0
1
0 1 p -1
0
1
r +1 columns
i ji ji
j
・・・
・
・
・
・
・
・
・
・
・
p columns
・・・
0 1 p -1
0
1
i j
・・・
・
・
・
? 4.2 finger table???
table???????????????Nu ?????????????????????
Nu⊕k ????????????Nu⊕k ??????????????????????
????????? finger table???????????????????????
???????????????? Nu ???finger table?? (Nu.fw)? r + 1??
??????Nu ???????????????????? finger table????? p
????p > 1????????????????????????????? 4.2.4?
???????????Nu?Nu⊕k ????? finger table?Nu.fingers[∗][k : k+p−1]
????[∗]???????????????[k : k+ p− 1]?????????? k ??
k + p− 1??????????????????Nu ? finger table?????????
??Nu⊕1, Nu⊕2, . . . , Nu⊕(r+1−p) ????? 4.2???????1??????????
26 ? 4? Chord# ????????????????????
start active update
Updating cycle(T) Active update process of finger table
T
T
T
T
fingers[][]
fingers[][]
fingers[][]
fingers[][]
fingers[][]
fingers[][]
fingers[][]
fingers[][]
Nu Nu    1 Nu    2 Nu    3
(A)
(B)
passive update
& reset timer  
start active update
start active update
start active update
? 4.3 ????????? (T )????? finger table????
?????????????????????? s????
s = r + 1− p (4.1)
????
finger table????????
Chord## ?????????????? finger table ?????????????
????????????????????????????????????????
??????????????????????????? finger table???????
????????????????????????????????????????
????????????? Nu ????????????????????????
(1) ??? Nu ? finger table?????????????????????????
(2) ??? Nu⊕k(1 ≤ k < s)? fingers[*][k : k + p− 1]??????????
(3) ??? Nu⊕k ????? finger table????????????????????
???????
??????
????????? finger table ??????????????
?????????????????????????????? T ????????
?????? 4.3 ?????????Nu ?????????????Nu⊕1 ?? Nu⊕3
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??????????????????????? (A)??
Nu ????????????????? T ???????Nu ??????????
???????????????????????????????????Nu ???
finger table??????? Nu⊕1 ?? Nu⊕3 ???????????????????
??????????? (B)??
?????????????????????????????????????
? T ????????????????? k × β (0 ≤ k ≤ s) ??????????
??????????????????????????? T + k × β ??????
? k ??????????????????? Nu ?? finger table ????????
Nu⊕j(0 < j < Nu.fw − p) ?? k = j − 1??????????????? Nu ???
k = s????Nu ?????????????Nu⊕1 ???????????????
?????????????????????????????????β ?????
finger table ??????????????????????????Chord## ???
?????????? k = s????
?????????????????????? 4.4????? 4.3????????
?????????????????????????
????????????????????????????????? 4.5????
????????????? 4.5???Nu⊕3, Nu⊕2, Nu⊕1, Nu ???????????
????????????????????????????????????????
???????????????????????????? Nu ??????????
?????Nu⊕1, Nu⊕2, Nu⊕3 ???????????????????
???????????????????Nu ? 2 ???????????????
????2?????????????? finger table???????????2???
Nu ???????????? Nu⊕1 ???????????????????Nu ??
Nu⊕1 ? finger table????????????????????
???????? T ???????? finger table ???????????????
?????????????????????????? finger table ????????
??????????????? [9]????????T ?????? 30??? 20??
??????????
?????????
??? Chord## ? finger table????????????????????
1 process P
2 var // ???P ???????
3 P.key // ??
28 ? 4? Chord# ????????????????????
Nu
Updating cycle(T) Active update process of finger table
Nu    1 Nu    2 Nu    3
 Extra waiting time k x β
(s x β) (1 x β)
(2 x β)
fingers[][]
T
T
T
T
fingers[][]
fingers[][]
fingers[][]
fingers[][]
start active update
passive update
& reset timer  
passive update
& reset timer  
? 4.4 T ??????? k × β ??????? finger table???
N
u
Updating cycle(T) Active update process of finger table
N
u    1
N
u    2
N
u    3
fingers[][]
T
T
T T
fingers[][]
fingers[][]
fingers[][]
fingers[][]
fingers[][]
? 4.5 ??????????????????finger table??????????
4 P.fingers[P.fh][P.fw] // finger table
5 ????fingers[0][0] = successor????
6 ????????????????????????
7 P.successor list[r] // successor list
8 P.k // ?????????????????−1
9 // ?????????????????????
10 upon timer timeout
11 i = 0
12 while (true) {
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13 i = i+ 1
14 // P.fingers[i− 1][0]?? fingers[i][0]?
15 // fingers[i− 1][1 : r]???
16 send ⟨get fingerOp, P , i⟩ to P.fingers[i− 1][0]
17 upon receiving ⟨reply fingerOp, finger′, successors[]⟩
18 for j = 1 to r
19 P.fingers[i− 1][j] = successors[j − 1]
20 if (finger′ ∈ [P.key, P.fingers[i− 1][0]))
21 break
22 P.fingers[i][0] = finger′
23 }
24 // T + (β × s)???
25 // timeout??????????????
26 timer(T + (β × s))
27 // 2??????????????????????
28 // ????finger table???????????
29 if (P.k ̸= s)
30 for k = 1 to s
31 send ⟨updateOp, P.fingers[∗][k : k + p], k − 1⟩ to P.successor list[k − 1]
32 P.k = s
33 // updateOp?????????????????????
34 upon receiving ⟨updateOp, fingers′[][], seq⟩:
35 P.fingers[∗][∗] = fingers′[∗][∗]?????successor?
36 ???????P.fingers[0][0]????
37 P.k = seq
38 timer(t+ (β × P.k))
39 // P ′ ?? get fingerOp?????????????
40 // reply fingerOP?????? P ′ ?????
41 upon receiving ⟨get fingerOp, P ′, index⟩:
42 send ⟨reply fingerOp, P.fingers[index− 1][0], P.successor list[∗]⟩ to P ′
???????? finger table ????????????????? fingers[0][1] =
fingers[1][0]??????????????????????????????????
finger table????????????? 42????????????????????
??????35????????????????????????????? 4.3.5?
?????????????????????????
?????????
Chord# ?????????? finger table?????????????Chord## ?
?????? u? finger table??????????????u????? s?????
30 ? 4? Chord# ????????????????????
? 4.1 ???????????????? 1 ???? 1 ????????????
?????? (n nodes)
??????????? 1????????????????????????????????????
???? ???????? ????????
Chord# n 2⌈log2 n⌉ ⌈log2 n⌉+ 1
Chord##
⌈
n
s+1
⌉ ⌈
n
s+1
⌉
× 2⌈log2 n⌉+sn
⌈
n
s+1
⌉
× ⌈log2 n⌉+s+1n
????????????????????????????????????????
?????? ⌈n/(s+ 1)⌉????
Chord## ?????u ??????????????????????????
3.2 ????? Chord# ??????? 2⌈log2 n⌉?????????????????
⌈log2 n⌉ + 1????????????????????s ?????????????
???????????????? s ???????????? u ??u ?????
s ???? s + 1 ???? finger table ?????????????????????
2⌈log2 n⌉ + s???? ⌈log2 n⌉ + s + 1?????????Chord# ???? s + 1??
???? finger table????????????????????? (s+ 1)× 2⌈log2 n⌉
???? (s+ 1)× (⌈log2 n⌉+ 1)????????? 1/(s+ 1)????
? 4.1??Chord# ? Chord## ??????????????????????1??
?? 1?????????????????????????????????????
????????????????
4.2.3 ??????????? finger table???
???? finger table?????????????????????????????
??????????
3.2?????????Chord#?????? u? finger table???????u.finger[i]
? u.finger[i− 1]????????????????? u.finger[i− 1]????????
????????u.finger[i− 1]??????????????????????????
??????????u.finger[i− 1]??u.finger[i− 2]???????v ???????
??????v ? finger table????????u? u.finger[i − 1]?????????
?????????v???? finger table?????????????????????
??Chord# ??????????????????? finger table?????????
?????????
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Chord## ???????????????????????? finger table????
???????????????????????u.fingers[i− 1][0]???????x?
?????????????u.fingers[i − 1][0] ? x ? successor ??????????
?? u ??x ??u.fingers[i − 2][0] ???????v ???????????????
? (i.e., x = u.fingers[i− 2][0].fingers[i− 2][0])?x? successor??u.fingers[i− 2][1]?
????????? (i.e., x.successor = u.fingers[i− 2][1].fingers[i− 2][0])*1?????
??Chord## ?? finger table?????????????????????????
???????????????????finger table???????????????
???
4.2.4 ???????????????????
Chord## ???????????????? finger table?? (p)? 2??????
????????????????????????Round Trip Time???????
???????????????????????????? finger table??????
????????????????????????????????????????
?????????? u??? k ??????????????????
(1) u? k ?????????????????????????
(2) k ∈ (u.key, u.successor.key)?????? k ?????????????????
nil????????????k ∈ (k1, k2)?????? key??? k1 ?? k2 ?
??????????????? k ?????????????
(3) u? successor list? finger table??? k ?????????????????
?????????????????????
(4) u.fingers[i][0] < k ??????? i ????????????? S = {v|v ∈
u.fingers[i][j] (0 ≤ j < u.fw) ∧ (v.key ∈ (u.key, k))}????
• i = 0????S ?????? k ????????????????????
????
• i > 0????S ???????????????????????????
???????????????????????????????????
finger table ???????? Round Trip Time ????????????
Vivaldi [37]?????????????????
*1 x ? successor???????????u.fingers[i-2][2]?????????
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? 4.6 finger table??????? 1??????????????? (iterative)
???????????????????????????????????????
??????????4.3.4 ????????????????????????p ??
????????????????????????????????????????
??finger table??????????????????????? 4.3.5???????
4.3 ??
?????????????????????
4.3.1 ???????????????
finger table ???????????????????n = 210 ??????????
????? T = 60??β = 0.5????????????? 0?? 231 − 1?????
?? key??????1?????????????????????????????
? (s)? 0?? 15??????????10????????????????????
?????? finger table????????????????????????????
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? 4.7 Churn rate?????? 1???????????????
???????????????? 4.6??????? s???? 1???? 1????
????????????????????????????????????????
???????Chord# ? Chord## ????????? 4.1?????????
Chord## ????????1???? 1????????????????? s??
???????? 4.1??????????????????????????????
??????????????4.2.2???????????????????????
??s??????????????????????????1??????????
???????????????????????????????
4.3.2 ????????? (Churn)?????
???????????????????????????????????????
??????? 4.3.1?????????????????????????? λ = nx
[nodes/h]????????????????????????n???????x? 1?
??????????????????????????? (Churn rate)??????
???x??? 10%?30%?50%??????? 100?????????s? 0?? 4?
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s = 1
s = 2s = 3s = 4
? 4.8 ????????????????????
??????????4.2.3 ????????????? finger table ????????
???????? 4.7??????? s???? 1???? 1????????????
??????????? 4.6? 0 ≤ s ≤ 4?????????????????????
?????????finger table?????????????????????????
????????Churn rate???????????????????????????
??????????????????????????????? 1????????
????????????????
4.3.3 ?????????????????
????????????????????????????????????4.3.1
?????????????????????? s? 1?? 4??????????10
?????????????????????????????? s ????????
??????????????? 4.8???????????????????????
5???????????????????? s = 1????459???????????
????????????????????????????????????????
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? 4.9 ??????????????? (1000 nodes)
?????????????? s???????????
???T ??? 60???????????????????? finger table?????
??????????????? (10 × 3600)/(60 × (s + 1)) = 600/(s + 1) ?????
?????????????????????????????????
4.3.4 ???????????????????
4.2.4?????????Chord## ???????????????? finger table?
? (p)? 2???????????????????????????????????
??????????
???????????????????? Inet-3.0 [38] ???? 4096 ?????
????????????????????????????? Chord# ? Chord##
??????????????????Chord# ??? Chord## ??????????
??? u? v ?????????u?? v ?????????????????Chord#
? Chord## ?????????????? 10 ?????????????????
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? 4.10 ??????????????? (p = 5)
r = 10 ????Inet-3.0 ????????????????????????????
??????????? 100 ??????????????Chord# ????? [6] ?
???? finger table??? successor list????????????????????
4.3.1????????
? 4.9?????? 1000?????p? 1?? 10????????????????
???????????????????? s?? (2)????????? Chord# ??
??????????????????p?????????????????????
???
? 4.10 ?????? 1000, 2000, 3000, 4000 ???????????????
Chord## ?????????? p = 5, s = r + 1 − p = 6 ???????????
????????????????????????????????????????
????
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? 4.2 IP???????
????? size(byte)
IP??? 20
UDP??? 8
UDP???? 1024
? 4.3 finger table???????????????????
????? byte
⟨get fingerOp, pointer, index⟩ ⟨1, 24, 1 ⟩
⟨reply fingerOp, finger′, successors[]⟩ ⟨1, 24, 24r⟩
⟨updateOp, fingers′[][], seq⟩ ⟨1, 24(p⌈log2 n⌉ − αp), 1⟩
4.3.5 finger table???????????????
Chord# ? Chord## ????????? finger table??????????????
???????????????????????? UDP???????????IP?
?????????????????????IP????? IP??? (20 byte)?UDP
??? (8 byte)????????????1????????????????????
? 1024 byte????? 4.2??????? [14]????1??????? 24 byte???
?? IP???? 4byte??? 20 byte?????
Chord## ?? p > 1 ???????????????????????????
???????????????Chord## ? Chord# ??????????????
Chord# ??????????????????????????? finger table? 2?
????????????Chord# ????????????????????????
??? successor list? p− 1???????????
?? finger table ???????????????? (get fingerOp, reply fingerOp,
updateOp)??????????????????? 1??????????????
??????????????????????
Chord## ??????????????? 4.3 ??????????? αp ? 4.2.2
??????finger table ?????????? finger table ????????α1 = 0?
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? 4.11 ?????????????????
α2 = 1?α3 = 3?α4 = 5?α5 = 8???*2?1???????????? get fingerOp
? reply fingerOp ????? ⌈log2 n⌉?finger table ???????????????
??????????? (51 + 24r)⌈log2 n⌉???????????updateOp? 1??
????? 2 + 24(p⌈log2 n⌉ − αp) ????
Chord# ???? get fingerOp? reply fingerOp???????reply fingerOp??
????? successor list ? p − 1 ??????????????????????
(51 + 24(p− 1))⌈log2 n⌉????
finger table?????????????????????????????????
??????????????????????????4.3.1???????????
???????????? (s) ? 0 ?? 15 ??????????10 ????????
???????????????????????????????????????
? 4.11????
????????? Chord# ? Chord## ???? finger table??????????
*2 αp =
⌊log2 p⌋X
i=0
(p− 2i)??????????
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p = 5
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Chord#(p = 5)
? 4.12 finger table??????????????
??????????????????? 4.12????p? 1?? 5???s? 0??
15??????????Chord## ???? r ?? (2)?????
??? p??????????????s ≥ 2???? Chord## ? Chord# ????
??????????????????????????
4.4 ????
??? P2P?????????????????????????????????
?????????????????????????? [11]????????????
????????????????????????????????????????
??????????????????????????????? (churn rate)???
???? (lookup rate)?????????????????????????????
??lookup rate?? churn rate???????????????????
???????????????????????????????????????
? churn rate?????????????????????????????????
40 ? 4? Chord# ????????????????????
???????????????????????
4.5 ??
???????????????? P2P??????? 1???? Chord# ? finger
table ???????????? (Chord##) ??????Chord## ???finger table
? successor list ???? 2 ?????????finger table ????????????
??????????????? finger table???????????????????
????????????????
??????????Chord## ????????????????????????
???
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? 5?
????????????????
???????????????
??
5.1 ??
??? P2P??????????????????????????????????
???????????Chord [6]?Pastry [7]?Kademlia [8]????????? P2P
?????????????? n????????? O(logk n)???????????
?????????? k ?????????????? Chord?? 2?????????
????? Pastry? Kademlia?? 2b???? b ??????????????? k?
????????????????????????????????????????
????????????????????????????P2P??????????
? k ??????????????????
????????? k?????????????????????????????
???????????? P2P????????????
• ?????????????????????????????????????
?????????????????????????????????
• ?????????????????????????????????????
???????? ≤?????????????????????? >?????
??????????????????????????????????
???????????????????????????? OneHop [1] ? 1h-
Calot [10]??????????????????????? 1? 2?????????
42 ? 5? ?????????????????????????????????
1 2 3
0 N1 N2 N3
1 N4 N8 N12
2 N16 N32 N48
i
j
..
.
..
.
..
.
..
.
? 5.1 ??? N0 ???? finger table(k = 4)
????????????????????????????????????????
????????????????????????????????????????
? FRT-Chord [12]? FRT-2-Chord [13]???????????5.4.3???????
????????????????????????????????????????
????????????????? P2P??????? 1???? Chord# [14]?
??????????????? Chord# ??????? 2????? 1??????
?finger table?????????????? finger table? 2????????????
? k??????????????????????????????????????
?????????? k ?????????
???????????????5.2 ??????????????5.3 ??????
????????5.4??????????????????? 5.5?????????
??????????
5.2 ????
?????????? Chord# ?????????????????????????
?????
5.2.1 ?????
5.1???????????????????? k????????? finger table? 2
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?????*1?2????? finger table? fingers[][]????????fingers[i][j]??
1?????????? 2??????????????????? i? 0 ≤ i < ⌈logk n⌉?
j ? 1 ≤ j < k ??????????finger table??? k − 1??????? ⌈logk n⌉
???????????????? k − 1?????????????????????
?????????????????????????????????????????
???????? k ??? 2b ????b ? 1 ???????5.2.7 ?????????
?????? k???????????????????????? k????????
???????? k????????????????Nu ? k???Nu.k??????
??? Nu ? fingers[i][j] ??????????????????????????
Nu⊕jki ?????????????????Nu.fingers[i][j] = Nu⊕jki ???????
Nu.fingers[0][1] ??? successor ??????????????k = 4 ???????
N0 ? finger table???? 5.1????
????? finger table??????? 5.2???? k ???????????? 5.2
???? N0 ???????????? 4????????????? n = 16????
n = 12???????? x? finger table???? y ???????x?? y ?????
???????????????????????????? ⌈logk n⌉ ???????
???
?????? P2P??????????????Nx??Nx? predecessor?? finger
table? k ????????????? Nx ? finger table??Nx ???? predecessor
??????? finger table????????
5.2.2 2?? finger table???
?????????? finger table??????????????????? Nu ??
???? 2?????????????? Su = {Nu⊕2p | 0 ≤ p < ⌈log2 n⌉, p ∈ Z}??
???
?? 2. ????????? Nu ? finger table? Su ??????????
??. p ? 0 ≤ p < ⌈log2 n⌉ ???????????????????? Nu ?
finger table ? Nu⊕2p ???????????????????????Nu⊕2p =
Nu.fingers[x][2y]???? x = ⌊p/b⌋?y = p− bx??????????
Nu.fingers[i][j] = Nu⊕jki ????Nu.fingers[x][2y]???????Nu.fingers[x][2p−bx] =
Nu⊕2p−bxkx = Nu⊕2p−bx2bx = Nu⊕2p ??????
*1 ????????? [39]?????????
44 ? 5? ?????????????????????????????????
N0
N4
N0
N12
N1 N3
N0
N2
N8
N4 N5 N7N6 N8 N9 N11N10 N12 N13 N15N14
n = 16   k = 4
N0
N4
N0 N1 N3
N0
N2
N8
N4 N5 N7N6 N8 N9 N11N10
n = 12   k = 4
? 5.2 ??? N0 ?????? k-??????
???y ? finger table ????? 1 ≤ 2y < k(= 2b) ??????????y =
p− b⌊p/b⌋??????0 ≤ p−b⌊p/b⌋ < b?????????????? pb−1 < ⌊pb ⌋ ≤ pb
?????????
????????????????????????????
?? 3. ???????? Nu ? finger table ?????Su ????????? 2y
?0 ≤ y < b???????
???????????????
?? 4. ???????? Nu ? finger table?? 2y?0 ≤ y < b??? Su ?????
??????
??. ??????Nu.fingers[x][2y] = Nu⊕2ykx = Nu⊕2y2bx = Nu⊕2y+bx ????0 ≤
x < ⌈logk n⌉?0 ≤ y < b??y + bx ∈ Z??????Nu⊕2y+bx ∈ Su ????
5.2 ???? 45
????? 5.1????N0? finger table?? S0??? {N1, N2, N4, N8, N16, N32, . . .}
?????????? 2???????????? 1(= 20) ?? 2(= 21) ??????
???? 3??????? 1 ?? 2 ?? Su ????????????????????
??? 4??
?? 3 ??? 4 ???Nu ? finger table ?????Su ????????????
? 2 ??????????????Su ??????????? Nu.fingers[x][2y + t]
?0 ≤ y < b?0 < t < 2y????????????????
?? 5. ?????????????? k???????Nu ? finger table??Su ?
??????????Nu.fingers[x][2y + t]?0 < t < 2y?????????? Su ??
???????????? Nu.fingers[x][2y]????????
??. ???Nv = Nu.fingers[x][2y]????Nv ??Nu.fingers[x][2y + t]??????
???????
Nu.fingers[x][2y + t] = Nu⊕(2y+t)kx = Nv⊕tkx = Nv.fingers[x][t]
5.2.3 finger table???
??? Nu ???? finger table?????????
Chord# ????????? finger table ??????? 2 ???????????
???????????????? 2???????Nu ? finger table ?????2 ?
?????????????? Su ?????????????????? Chord# ?
????????????????????Nu ??Nu⊕2p ∈ Su ??????????
Nu⊕2p+1 ∈ Su ???????Nu⊕2p ? Nu ? finger table??? Nu.fingers[x][2y]??
?? x = ⌊p/b⌋?y = p− bx?????
???Su ?????????? Nw = Nu.fingers[x][2y + t] (0 < t < 2y)??????
Nu ?Nv = Nu.fingers[x][2y] ∈ Su ??????????????????? 5????
???????????? k ??????????????????????????
????????
? 5.1????????N0 ? successor???N1 ??????????N2 ????
?????????N2 ?????????? N4 (= N2.fingers[0][2])????????
????????N2 ????? N3 (= N2.fingers[0][1])??????????????
???????????? N0 ? finger table???????????????
???Nu ?Nv ?? finger table??????Nw ???????Nu ?Nv ????
????????Nw???????????????????????????????
dist(Nv, Nw)?????????????????? Nv ????? finger table???
46 ? 5? ?????????????????????????????????
????????????????????????Nv ??Nv ?? Nv.fingers[i][j] ?
????? jki ??????????????????????*2?
Nu ? Nv ??????????? {tkx | 0 < t ≤ 2y} ??????? x = ⌊p/b⌋?
y = p− bx?*3?
? 5.3??N0 ? finger table??????????????? k ? 4?????N0 ?
N1 ??????????? {1}??????????????N1 ???? finger table
??? 1?????N2????????????????????N2 ??????N0 ?
fingers[0][2]??????
???????????????????? k??????????? 5??????
????????Nu ? finger table????? Nx ???? Nv ???????Nv ??
???????????????????????????? Nx ?????? d???
??Nv ??d?????d??????????????????????? k ???
??????????????? ⌈logk n⌉ ????????????????????
?????? 5.4???????
? 5.4??N0 ? k ? 8, ????????? k ? 4???????N0 ? finger table
????????????????N0 ? N1, N2, . . . , N32 ?????????k ???
?????? N32 ???????????????????????????????
N32 ??????????????? 24???????????? N32⊕24 = N56??
?????????????? N48 ???????
5.2.4 ??????????? finger table????
5.2.3???????????? Nu ? Nu ?????? 2????????????
???????? finger table??????????????????????????
?????????????
Nu ? 2p−1 ???????? 2p ???????Nnew ??????????????
???Nu? finger table????????????????2p????????????
??Nprev ?????Nnew ???????????? Nprev ?????????????
???Nprev ??????????????2p ??????????????????
*2 ?????????? Nu ? Nv ? finger table ????????????????????????
????? Nu.k ? Nv .k ????????????????
*3 ??? Nu ? Nv = Nu.fingers[x][2y ] ?? Nw = Nu.fingers[x][2y + t] ̸∈ Su ????????Nv
??Nw ?????? dist(Nu, Nw)− dist(Nu, Nv) = (2y + t)kx− 2yxx = tkx ???????Nu
? Nv ???? 2?????????? Nx ???????Nv ?? Nx ???????Nu ?? Nv ?
?????????2ykx ???????????????????????????????????
??????????x, y, k ?????????
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N6
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? 5.3 finger table??? (k ??????????? k = 4)
???????????????????2p+1 ??????????????????
???????????????????? finger table ?????????? 5.2.5
?????????????????
5.2.5 finger table???????????
?????????????????? finger table???????????????
??????????????? finger table???????????????????
?? finger table????????????
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[ i ][ j ]N0.fingers
1 2 3 4 5 6 7
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1 N8 N12 N16
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[ i ][ j ]N1.fingers
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[ i ][ j ]N4.fingers[ i ][ j ]N8.fingers
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? 5.4 finger table??????? k ????????
?? t = 0 ??????? finger table ? successor (fingers[0][1]) ????????
????????????????????????????? finger table?????
(T )?????????????? finger table ??????????????????
?? finger table????????????????????????????????
?????????????????????
k = 4 ??????????? 5.3 ?????????? Nu ??t = 0 ?????
? finger table??? Nu⊕1 ?? successor?Nu⊕2???????successor?????
??????????????????2 ???????Nu ? Nu⊕2 ???Nu⊕2 ?
successor????Nu⊕3 ??Nu⊕4 ??????????Nu⊕2 ? 1?????????
??Nu⊕4 ????????????????????3???????Nu ?Nu⊕4 ??
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Nu⊕8 ???????Nu⊕4 ? 2???????????Nu⊕8 ?????????
?????????????x?????????Nu ? Nu⊕2x−1 ?????????
???????????????????? ⌈log2 n⌉????????????????
finger table??????????????????
5.2.6 ???????
Chord# ???????????P2P??????????????????????
????????????????????????????????????????
?????????????????????? k?????????????????
????????
??? Nu ? finger table???????Nu⊕2p ?????????? Nu⊕2p+1 ??
??????? Nu⊕2p+1 ????????? Nu ??????? Nu ????????
??????????? p? p′ ?????2p′−1 < n ≤ 2p′ ?????????????
????????????? ne ??? 2p′ ?????
finger table?????????????????????????????????
?????????????????????????? k ?????????????
????????????????????????????????????????
k ??????????????????????????????? k ???????
?????????? k ???????????
5.2.7 ??? k ???
???????? k??????????????????????????????
???????
???????
?????????P2P????????????????????????????
??????Lmax???????????????????????
?????? Lmax ?????????????????????????? ne ??
??????? k ???????????? finger table????k ?????????
Lmax ????????5.2.1???????????P2P??????????????
????? k ? 2????
k??????? ne ??????????????? L(k)???? L(k) = ⌈logk ne⌉
?????????????? finger table ?????L(k) ≤ Lmax ??????? k
50 ? 5? ?????????????????????????????????
??????L(k) ≤ Lmax ??????? k ??k = 2⌈(log2 ne)/Lmax⌉ ????????
?????? k ?????????????????? k ?????????????
?????????????????? k ??????
k = 2⌊ log2 neLmax ⌋+1 (5.1)
???????????????Lmax????????finger table ???? Lmax?
?? k − 1 ????????????? O(Lmax × (2⌊
log2 ne
Lmax
⌋+1 − 1)) ???? ???
????????? S(n)????????????? ⌈n/k⌊logk n⌋⌉ − 1???????
(5.2)????????????? k ?? (5.1)??
S(n) = (k − 1)⌊logk n⌋+
⌈ n
k⌊logk n⌋
⌉
− 1 (5.2)
?????????????? k ???????????????? k ???????
???????????finger table???????????????????????
??5.2.3??????????????????? Lmax ??????????????
?????????????????? k?????????????????????
?? k???????????????????????????? Lmax ??????
?????????????????????? 5.4.2???????
??????????
???????????????????Smax ?????????????????
????????????????????????????????????????
k???????????? k? 2⌈log2 Smax⌉ ????Smax ???????????? 2
????????
? 5.5 ??Smax = 10 ???? N0 ? finger table ??k = 4 ??? k = 8 ? 2 ?
????????????????k = 4 ??? k = 8 ??????????N0 ?
?????????? N64 ??? N24 ??????????? Nu ? finger table ?
? Nu ???????????????? Nu.fingers[i][j] ?????i =
⌈
Smax
k−1
⌉
− 1?
j = ((Smax − 1) mod (k − 1)) + 1)?????????finger table?????????
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